In recent years, with the advancement in robotics, many tactile sensors have been developed. For example, there are sensors that measure the contact state or force distribution. They are very useful, but the measurement resolution is still inferior as compared to that of a humans. Thus, we propose a new type of optical tactile sensor that can detect the surface deformation with high precision by using the principle of an optical lever. We design a tactile sensor that utilizes the resolution of a camera to the maximum possible extent by using transparent silicone rubber as a deformable mirror surface and taking advantage of the reflection image. The prototype of the sensor can quantify a displacement of 0.2 [mm]. This sensor is very simple and has various benefits.
INTRODUCTION
In recent years, with the advancement in robotics, many tactile sensors have been developed to improve force sensation in robots. Several tactile sensors are commercially available in the market, for example, the 6-axis force/torque sensor that can measure the force at one point [7] . Another sensor can measure the distribution of the contact state or the force distribution [2] .
The disadvantage of these distribution-type force sensors is the number of wirings of sensor units. Each sensor unit is arranged in close proximity to the measurement surface in order to allow a small sensor to be individually distributed, and the wiring that gathers information from a unit is also individually wired. Therefore, a sensor itself cannot prevent deterioration due to the stress of repeated measurements; further, the assembly of the wiring is complicated.
Some optical sensors [13, 6] such as the distribution-type optical tactile sensor have already been studied. In these sensors, the sensing units and the corresponding wirings from the measurement surface can be eliminated by using a camera. However, as these sensors measure the motion of markers embedded in the elastic body, the sensor resolution, rather than the camera resolution, is determined by the markers. Therefore, the resolution of the camera is not completely utilized.
On the other hand, several techniques that have not been used so far in tactile sensors to measure the shape of an object have been studied. For example, there exists a method that uses the Moire interference fringe pattern or slit light when the object is a diffusive surface [4, 10] . In addition, there exists an exact measurement method that uses a laser and a collimator [5] . One method uses the specular surface of water [11] . However, in all these methods, it is difficult to improve the time resolution. Therefore the use of these techniques is limited to the static objects. * e-mail: saga@star.t.u-tokyo.ac.jp † e-mail: kaji@star.t.u-tokyo.ac.jp ‡ e-mail: tachi@star.t.u-tokyo.ac.jp
In this paper, we examine a sensor that uses an optical lever. An optical lever is a technique that magnifies the displacement by using the characteristics of reflection. The optical lever technique is mostly used in minute domains, such as sample measurements under a microscope [9] . As another example of the application of the optical lever approach, the deformation of a glass surface was measured in the study [8] . The object measured in this technique is a static glass surface and it is based on a recursive calculation. Moreover, this approach measures the deformation of the glass surface itself and does not measure the contact object. We propose a sensor with a new system that takes advantage of the optical lever and a flexible mirror surface, and measures a reflection image. Due to the reflection image we can use the full resolution of the camera.
Transparent silicone rubber is used as the flexible mirror surface. Because of the distribution of the refractive index between air and the silicone rubber, the boundary surface has a reflection characteristic similar to that of a mirror surface. We construct a sensor with a flexible mirror surface by using this mirror surface reflection characteristic (figure 1). 
PRINCIPLE
We decided to use an optical lever in our sensor. Our aim is to develop a flexible mirror surface by using this optical lever. The sensor detects the deformation of the surface by measuring the displacement via a reflection image from the mirror surface.
Reflection Condition
The optical lever technique is mostly used in minute domains, such as sample measurements under a microscope [9] . By irradiating the tip of cantilevers with lasers and using the reflection characteristics, an optical lever is used to magnify the displacement of the reflection surface.
The sensor uses transparent silicone rubber as the flexible mirror surface. With regard to the boundary between silicone rubber and air (figure 2), the refractive indices are denoted by n r and n a , and the refraction angles by φ r and φ a . The notations "r" and "a" denote rubber and air, respectively. When the distribution of the refractive index at the boundary of the silicone rubber and air satisfies equation 3, total internal reflection occurs; further, this boundary surface assumes the reflection characteristic of a mirror surface. We design a sensor with a flexible mirror surface by using the above mentioned mirror surface reflection characteristic. By arranging the image pattern, camera, and the transparent silicone rubber as shown in figure  1 , the light diffused from the image pattern is reflected from the silicone rubber boundary and captured by the camera. 
φ r > arcsin( n a n r )
Deformation of the Reflection Image
In some optical tactile sensors, a camera is used as the optical sensor [1, 6] ; the sensor detects the deformation by tracing a marker. However, the resolution of this sensor is limited because of the restriction due to the overlapping of markers. Further we propose a tactile sensor for the new system that makes use of a reflection image in order to utilize the resolution of the camera to the maximum possible extent. If the contact object touches the silicone rubber, the silicone rubber boundary will be deformed. Consequently, the deformation of the reflection surface occurs, thereby deforming the reflection image of the image pattern. The sensor measures the deformation of the reflection surface by solving an inverse problem using this deformation. Therefore, the entire reflection image contains information; as a result, the resolution of the camera can be utilized to the maximum possible extent. For example, if a checker pattern is used as the pattern surface, not only the lattice points but also the lattice line contains the deformation information. By using this information, the resolution of the camera can be used. Further utilization of the resolution is explained in section 6.5. However, in this paper, we have described only the case in when the sensor utilizes the characteristic point of the captured image; it can however, utilize all the points in the captured image in the form of information for reconstruction.
Geometrical Optics
We denote the deformed depth of the point Q 1 on the reflection surface q by d, and the depth displacement between the adjacent points, Q 1 and Q 2 by ∆d and the angle at each point on the surface by θ , and the angular displacement between the adjacent points, Q 1 and Q 2 by ∆θ . Here, we express ∆d with θ , and then express ∆d with known values via ∆α (defined below). When the captured pattern is planarly arranged as shown in figure 3, the surface with this pattern is referred to as the pattern surface p. The angle between the pattern surface p and the reflection surface q is represented by α 0 , while the angle between the captured surface r and the reflection surface q is represented by β 0 . For example, the light diffused from P 1 is reflected at Q 1 , and it reaches R 1 .
The x, y, and z axes are defined in figure 3 . l denotes the distant length from P 0 in the y direction, and k denotes also the distant length from P 0 in the z direction (here, the z axis is perpendicular to the plane of figure 3). We assume that after some deformation Q 1 , which is at a distance l from P 0 in x direction, is projected at a distance d and inclined at an angle θ 1 with respect to the surface q before the deformation. Similarly, after the deformation, Q 2 , which is l +∆l away from P 0 , is projected at a distance d +∆d and inclined at an angle θ 2 . Further, we assume that the rays are projected in the following order:
The ray group captured by the camera is assumed to be inclined to the pattern surface at angles β 1 and β 2 , while it is assumed to be inclined to the captured surface at angles α 1 and α 2 . The symbol "→" denotes the direction of a projected light. Here, we denote ∆l by L and ∆θ by Θ. If the degree of leaning of the reflection surface in Q 1 and Q 2 changes continually from θ 1 to θ 2 , the height displacement ∆d and the length of Q 2 Q H can be expressed as follows:
In addition, based on the symmetry of the incidence angle and the reflection angle at the reflection surface, the following equations are obtained.
Here the P 2 Q 2 Q H denotes the angle between P 2 Q 2 and Q 2 Q H and Q n denotes the intersection between the perpendicular from Q 2 and the line PR. Similarly,
Next, we express m = P 0 P 1 , w = R 0 R 1 with l. Using the sine theorem in triangle P 0 P 1 Q 1 in figure 4 , which is a part of the spread image of figure 3 , we obtain
Similarly, we have
Equations 10, 12, 13, and 14 indicate that the m and w values can be expressed by the known values and measured values from the camera.
Reconstruction of the Reflection Surface
The sensor can measure m, w, β 1 , and β 2 ; while L 0 , α 0 and β 0 are known. The unknown quantities are the distribution of θ and d. The sensor can construct ∆d if ∆θ and ∆l are known from equation 5; further, it can reconstruct θ and d if ∆θ and ∆d are known. However, because the number of equations is small, the unknown values in equations 12 and 14 cannot be solved if θ equals θ + ∆θ and l equals l + ∆l. Here, we define
From equation 12, we get
When ∆α is expressed as γ = 0, ∆α 0 from the second Taylor series expansion, ∆α can be expressed as follows:
From equations 9, 15, and 17, we can express θ 1 with the known parameters and measured values. By defining Q 1 in equation 5 as the n th characteristic point and defining ∆d as ∆d n from the continuation property of a boundary surface, we can assume that
Based on this assumption, we can express equation 5 as follows:
Since we assume that d = 0 at l = 0 and l = L 0 , we obtain l n and θ n from equation 12. We obtain ∆θ n from the given value of θ n and calculate ∆d n+1 in equation 19. We obtain α n , d n , and the distribution of α and d by iterating this calculation step-by-step.
SIMULATIONS

Needle-shaped Surface
We assume the upside-down needle-shaped surface shown in figure  5 as the reflecting surface; further, β 1 = β 2 = β 0 , L 0 = 1637, and α 0 = β 0 = π 4 ; the camera center is assumed to be at infinity. The calculation results are shown in figures 6 and 7. In both the figures 6 and 7, the solid line represents the shape of the original reflection surface; the "−" curve represents the results of the summation of ∆l and ∆d from l = 0 in a series of rises. The " " curve is the results of the summation from l = L 0 in a series of drops, and the " " curve is the average of "−" and " ." It can be observed that the distribution of d can be traced almost precisely. We now examine the error in the true value in detail. Figures 8  and 9 shows the error distributions of θ and d, respectively. The 
IMPLEMENTATION
Based on the simulation above described we built a real system. By using the developed sensor, we measured a real transformation in a real environment.
Silicone Rubber with Image Pattern
The sensor uses the addition-polymerization-type silicone rubber (KE109A, B [12] ). The Young's modulus of silicone is maintained at approximately about 1.6 [MPa]. We prepare a triangular poleshaped flask with transparent acryl, pour silicone rubber into it and perform a lap reaction. After the lap reaction, we exfoliate using an acryl board and prepare the reflection surface. One of the left acryl surfaces on the left becomes the pattern surface and another one becomes the captured surface. In this case, we use a latticepatterned paper as the pattern surface. In this manner, we prepare a sensor with a flexible mirror surface (figure 10). We install a camera to capture the flexible mirror surface adequately and fix it (figure 11).
EXPERIMENTS
The measurement procedure with the developed sensor is as follows. The tip of a pencil is pressed down onto the face of the sensor The images acquired before and after the deformation are shown in figures 13 and 14. Here, we use a lattice pattern as the image pattern. We consider the association between one line of the central vertical lattice points from two pieces of images. By using equations 17 and 19, the shape is reconstructed. Figure 15 is suppressed to approximately 10% at the peak area. The value of l = 0 is near the true value in the series of rises, and l = L 0 is near the true value in the series of drops. This is caused by the accumulation of errors generated by the finite sum process. Comparing with the simulation, it is observed that the error rate increases. This is caused by the use of integer values of the pixel. This time, we manually acquire the corresponding points although the use of subpixel value is quite simple with some image processing algorithms. In the future, we aim to increase the accuracy, especially in terms of the error in the finite sum process. 
DRAWBACKS AND BENEFITS
The sensor is made using very low cost materials. Due to its simplicity and transparency, its combination with other devices offers many benefits; however, there are some drawbacks described below. These are some examples of the drawbacks and benefits.
Large deformation
In the section 2.3, this time we assume a small deformation and use approximate equations. Therefore if a large deformation occurs on the reflection surface, the approximate condition breaks. Though the deformed direction of the surface is limited (press only) and the deformation of the reflection image is also limited to some extent. Therefore with some other approximation the sensor can reconstruct the large deformation in the approximate condition.
Broad planar contact
Our sensor cannot detect a deformation when a broad planar shape is pressed on to the sensor. The sensor uses the distribution of the refractive index at the boundary of silicone rubber and air. If the boundary condition changes with the contact with an object, the reflection property changes simultaneously at the contact point. Therefore if the contact point becomes a broader planar than the reflection surface, the reflection property of the entire sensor field will change and no reflection image will be acquired. However, if a sensor with a curved surface can used and the equation for the sensor can be solved, this drawback will be eliminated.
Multi sensing
Our sensor uses the distribution of the refractive index at the boundary of silicone rubber and air. As stated in the previous section, this is a drawback on one hand because the loss of the information occurs at the point of contact. On the other hand this change enables the multi sensing of the surface deformation and the contact surface shape (figure 16). For example, if a finger is pressed to this sensor, it can sense the deformation on the basis of the pressed force around the contact point and the shape of the fingerprint at the contact point. 
Contactless sensing and interactive device
Since our sensor uses the transparent silicone rubber, light can pass without dispersing. If there is another camera facing the upper side, the camera can sense the remote visual information for an object without any contact between the sensor and the object (Fig 17) . Using this information, the sensor can detect an oncoming object and the size of the object, and it can stand by for the contact. Another benefit of using transparency is that we can design an interactive device using a projector and a screen (figure 18). By using a cloth-type screen, the sensor can sense the deformation and display an image simultaneously. This is because the contact points of the cloth and the sensor are discrete; the sensor works without being influenced by a projector. 
Sensing with active patterns
By using an LCD (liquid crystal display) instead of the image pattern, the sensor can use the feedback sensing method. In other words, if the deformation occurs when there is contact with an object, the sensor can change the image pattern in order to cancel the deformation of the virtual image. In this way, the zero method can be used with the sensor. The zero method will cause the sensor to detect smaller changes on the reflection surface. Furthermore, the zero method enables the sensor to control the reflection image. Therefore, if the resolution of the reflection image matches that of the camera, the sensor can utilize the camera resolution to the maximum possible extent.
Thin device and fast sensing
By using a saw-shaped rubber (figure 19) instead of a prism-shaped one, we can design a thin sensor device with this method. In addition, by using LEDs (light emission diodes) and PDs (photodetectors) to form the image pattern and as the camera, we can design a fast data-acquiring active sensor. 
Lighting
This sensor uses only diffused light from the pattern surface; therefore, the lights must reach to the pattern surface. Further due to the transparency of the sensor, light from the outer environment can be used. Even if the outer environment is dark, the light from the camera position brightens the pattern surface because of the flexible mirror surface. Furthermore, if an LCD display is used for the pattern surface, the light from the LCD display generates an environment that is sufficiently bright to capture the surface.
CONCLUSION
In this paper, we have proposed a tactile sensor that utilizes the principle of an optical lever and a flexible reflection surface. We have designed a tactile sensor that takes advantage of the reflection image whose deformation was detected with high precision using an optical lever; the sensor also takes sufficient advantage of the resolution of a camera by using transparent silicone rubber as a flexible mirror surface.
On the basis of a simulation, we have shown that the reconstruction of a reflection plane of reflection from an image is possible. The reconstruction is carried out by using geometrical optics and by an appropriate approximation in the constituted tactile sensor. In addition, we have produced a prototype made of silicone rubber and have shown that the shape restoration of a reflection plane is possible. With regard to the resolution, humans can detect a displacement of 0.1 [mm] [3] . On the other hand the prototype of the sensor can quantify a displacement of 0.2 [mm] displacement. Furthermore due to the optical lever, the further the camera is placed the more the displacement can be amplified. We then showed the drawbacks and benefits of this sensor.
Our proposed technique combines an optical lever and a flexible surface of reflection. Therefore, the modification of a pattern surface and a captured surface in accordance with the measured object is possible. Although the sensor can have varied application, our target application is a sensing tool for determining contact status. For example, its use in the quantification of the contact status on rubbing a towel or a brush is appropriate for the sensor. In the future, we will examine these combinations, in particular, dynamic pattern generation using an LCD for more precise sensing.
